The GRP78 (glucose-regulated protein 78) is a major endoplasmic reticulum (ER) chaperone facilitating proper folding of the newly synthesized proteins. By the interaction with caspases, GRP78 has antiapoptotic properties allowing cells to survive under stress condition. GRP78 expression and its association with tumor proliferation, metastasis and resistance to chemotherapy were observed in solid tumors. There are limited data on the expression and impact of this protein on the clinical course and treatment response in acute myeloid leukemia (AML). The aim of this study was to evaluate the expression of GRP78 mRNA in patients with de novo AML. These results were compared to healthy controls, blast phenotype, molecular and cytogenetic status and clinical features of AML. 101 non-M3 AML patients and 26 healthy individuals were included in this study. The expression of GRP78 mRNA in bone marrow was analyzed by real-time quantitative polymerase chain reaction (RQ-PCR). We demonstrated increased GRP78 mRNA expression in AML patients compared to healthy controls, although this difference was statistically significant only in CD34 + leukemias. There was also no significant correlation between GRP78 mRNA expression and complete remission rate, relapse-free survival and overall survival. These results indicate that GRP78 expression is increased in CD34 + leukemias and has no prognostic impact on clinical outcome in AML.
Introduction
Acute myeloid leukemias (AMLs) belong to haematological malignancies derived from the hematopoietic stem cells (HSCs), which undergo malignant transformation [1] . One of the feature of cancer stem cells is activation of the unfolded protein response (UPR), which is triggered by the accumulation of misfolded proteins in the endoplasmic reticulum (ER), leading to ER stress [2] . Key components of the UPR include three stress sensors constitutively expressed in the ER membrane: protein kinase-like endoplasmic reticulum kinase (PERK), activating transcription factor 6 (ATF6), and inositol requiring enzyme 1 (IRE1) with substrate X-box binding protein 1 (XBP-1). During homeostasis, these molecules are kept inactive by their complex with the glucose-regulated protein 78 (GRP78), which is a major modulator of UPR and ER chaperone facilitating proper folding of the newly synthesized proteins. In the pathological condition like increased glycolysis, low pH or hypoxia, GRP78 shifts away from these sensors and allows their activation. This process leads to decrease protein translation, cell cycle arrest and increased transcription of ER chaperones, including GRP78 which has antiapoptotic properties through interaction with caspases [3] . Thus by sustaining the UPR, GRP78 induction in pathological conditions can be an important protective mechanism allowing cells to survive under stress. Prolonged and increased activation of the UPR leads to programmed cell death. This apoptotic effect is mediated largely by increased expression of the transcription factor CCAAT/enhancer binding protein homologous protein (CHOP), which leads finally to apoptosis by the intrinsic mitochondrial pathway. The GRP78 overexpression reduces CHOP induction and reduces apoptosis in prolonged cellular stress condition.
The GRP78 expression and its association with tumor proliferation, metastasis and resistance to chemo-therapy was observed in solid tumors [4] . The role of GRP78 during leukemogenesis is not well established. There are also limited data about expression and impact of this protein on the clinical course and treatment response in AML. In this study we evaluated the expression of GRP78 mRNA in patients with de novo AML. These results were compared to healthy controls, the CD34 expression, classical prognostic factors, molecular and cytogenetic indicators and treatment results such as: complete remission rate, relapse free survival and overall survival.
Materials and methods

Patients
101 non-M3 AML patients were included in this study: 58 men and 43 women with the median age at diagnosis 49 years (range: 19-84 years). All AML patients were diagnosed between 2000-2010 at the Department of Hematology, Blood Neoplasms and Bone Marrow Transplantation, Medical University in Wrocław, Poland. Bone marrow (BM) samples were evaluated prior to initiation of induction therapy. The subtypes of AML were classified based on French-American-British classification criteria [5] . According to European Leukemia Net (ELN) patients were categorized into 3 risk groups: standard, intermediate and high risk [6] . Clinical characteristic of all AML patients is summarized in Table 1 .
Patients ≤60 yrs (n= 76) were treated according to the Polish Adult Leukemia Group (PALG) induction protocols based on daunorubicin and conventional dose of cytarabine arabinoside (Ara-C) [7] [8] [9] : Patients >60 yrs (n=25) were treated according to the PALG or Cancer and Leukemia Group B (CALGB) protocols [10, 11] . In three patients older than 60 yrs we applied a low dose of Ara-C and in two patients decitabine. 7 of 76 patients ≤60 yrs and 3 of 25 patients >60 yrs received only palliative therapy due to poor performance status and comorbidities. Response criteria were assessed based on European Leukemia Net recommendations [6] .
Control group
The control group consisted of 26 healthy individuals: 17 men and 9 women with the median age 46 years (range: 22-74 years).
Methods
BM specimens from 101 patients and 26 healthy individuals were obtained. Mononuclear cells from BM were isolated by gradient separation using Gradisol L (Aqua Medica, Łódź). RNA was extracted using TriReagent ® kit (Ambion/Applied Biosystems, Warszawa). In a 20 µl reaction, 2 µl of total RNA was reverse transcribed using High Capacity cDNA Revese Transcription Kit (Applied Biosystems, Warszawa). The mRNA levels of GRP78 and beta-glucuronidase-GUS (control gene) were measured by real-time quantitative polymerase chain reaction (RQ-PCR) based on TaqMan Gen Expression Assay (Applied Biosystems): Hs99999174_m1 respectively for GRP78 and Hs99999908_m1 for GUS. RQ-PCR was performed in duplicate and carried out on the 7500 Real Time PCR System (Applied Biosystems) using TaqMan 
Statistical analysis
Statistical analysis was performed using STATISTICA version 9.0 software. To study the relationship between two categorical variables, the chi-squared test of independence was used. 
. Expression of GRP78 mRNA was higher in AML patients compared to control group, but the difference was not statistically significant. On the other hand, we observed that the expression level of GRP78 mRNA was significantly higher in AML CD34 + patients compared to the healthy control group. Moreover the expression of GRP78 mRNA in CD34 + leukemias was significantly higher than in CD34 -leukemias. Results are presented in Table 2 .
GRP78 mRNA expression and clinical characteristic of AML patients
The analysis includes: age, white blood cells (WBC) count, lactate acid dehydrogenase (LDH) activity and percentage of blast cells in bone marrow (Table 3) . We found that higher expression of GRP78 mRNA correlates with lower WBC count (p ≤0.05). There was no correlation between GRP78 mRNA expression and other parameters. Further, patients were divided into 4 groups using morphological features according to the FAB criteria: Group 1 -AML M0 + M1; Group 2 -AML M2, Group 3 -AML M4 + M5, Group 4 -AML M6. The statistical analysis does not include patients with subtype M6 (group 4) due to the limited number of patients (n=3). The average level of GRP78 mRNA was the lowest in AML with monocytic fenotype, while the highest in AML with minimal or without maturation. The results are shown in Table 4 . 
Correlation between GRP78 mRNA expression and cytogenetic and molecular features
Expression of GRP78 mRNA was evaluated in relation to cytogenetic status according to the ELN criteria [6] . 
Correlation between GRP78 mRNA expression and clinical outcome
We correlated expression of GRP78 mRNA and clinical outcome such as: response to induction chemotherapy, relapse-free survival (RFS) and overall survival (OS 
Discussion
Standard chemotherapy achieves CR in a significant proportion of AML patients. However, the relapse rate is still high [12, 13] . Drug resistance is the main cause of therapy failure. It is a multifactor phenomenon which includes different mechanisms leading to evasion of apoptosis [14] . One of the proteins involved in this process is GRP78. GRP78 is a major modulator of UPR response with antiapoptotic properties and is activated in many types of solid tumors. Increased glycolytic activity, hypoxia and secondary metabolic acidosis in tumor tissue, stimulate the activation of the UPR. Expression of GRP78 and its association with resistance to chemotherapy was observed in solid tumors [15] [16] [17] [18] , while the impact of this protein on leukemogenesis and the AML clinical course remains unexplained. A. Tanimura et al. observed that patients with AML show significantly higher expression of GRP78 mRNA in bone marrow than healthy controls [19] . Analogous data obtained by PJ Valk, who studied 285 AML patients [20] . We have made similar observations. In patients with AML GRP78 mRNA expression was higher in bone marrow compared to healthy controls, although this difference was not statistically significant. However in poorly differentiated leukemia CD34 + , GRP78 mRNA level was significantly higher relative to the control group. These data may indicate that the increased expression of GRP78 protein, which modulates the UPR response occurs not only in solid tumors, but also in AML. Such observations were confirmed by Schardt JA et al., who analyzed bone marrow samples using RQ-PCR of 105 patients with AML. UPR response with increased expression of chaperone proteins like GRP78 and calreticulin was observed in 16.2% of patients [21] . These data indicates that stress activation, disturbing ER homeostasis occurs in leukemic cells under specific factors [22] . GRP78 has protective properties necessary for the survival of cells in pathological conditions, so increased expression of GRP78 mRNA in AML patients is probably due to stress induction.
One of the cell surface antigens associated with the maturation of hematopoietic cells is CD34 (cluster of differentation-CD). This antigen is highly expressed on the surface of stem cells. CD34 + cells HSCs are located in healthy bone marrow. In the bone marrow of a patient with acute leukemia a fraction of CD34 + cells was shown to contain LSCs [23] .
J. Ota et al., based on proteomic studies demonstrated the expression of GRP78 in HSCs in patients with acute leukemia [24] . We observed that patients with AML CD34
+ have significantly higher expression of GRP78 mRNA compared to patients with AML CD34
-. In addition, GRP78 mRNA level positively correlated with expression of CD34 on the blast cells. Thus, increased expression of GRP78 may be a result of UPR activation and evasion of apoptosis in leukemic stem cells.
Some authors suggest that UPR response in leukemic cells may occur under the influence of the specific translocation products and genetic changes [24] . Therefore, gene mutations and changes in the karyotype of leukemic cells may significantly affect the activation of the UPR, including GRP78 expression. Schardt et al. found that the mRNA expression of proteins involved in the UPR occurs in all cytogenetic risk groups in patients with AML. In addition, the author observed association between deletion of chromosome 7 and activation of the UPR [23] . We observed GRP78 expression in all cytogenetic risk group. There was no significant difference in GRP78 mRNA among cytogenetic risk group. NPM1 gene mutation is considered to be a favorable prognostic factor, while the tandem duplication of FLT3 gene (FLT3-ITD) adversely affects the prognosis and is associated with frequent relapses of AML. UPR activation with expression of GRP78 mRNA in bone marrow of AML patients was associated with less frequent incidence of FLT3 and NPM1 mutation [21] . In our study, NPM1 mutation was correlated with lower expression of GRP78 mRNA. In addition, the GRP78 mRNA level was no statistically different between wild-type and mutation form of FLT3 gene.
Our results were finally related to the classical prognostic factors such as age at the time of diagnosis and WBC counts. There are limited data about correlation between patient-related risk factors in AML and GRP78 expression. Activation of the UPR response with GRP78 mRNA expression was observed in patients with lower levels of white blood cells (median 4.3 x 10 9 /L). It was a good prognostic factor in this group. Patients without induction of UPR demonstrated significantly higher WBC count (median 27.05 x 10 9 /L). Median age was not significantly different between these groups and it was not a prognostic factor in this study [21] . We did not observe any statistical significant correlation between GRP78 mRNA expression and clinical course of AML.
It is known that the expression of GRP78 regulates cell proliferation, tumor cell survival and resistance to chemotherapy in both solid tumors and hematological malignancies. Bagratuni et al. demonstrated that UPR activation correlates with poor prognosis in patients with multiple myeloma [25] . Moreover, D. Bhojwani et al. analyzed the bone marrow of 60 patients with ALL and found significantly higher levels of GRP78 expression among patients with early relapse (<36 months) relative to patients with late recurrent disease (≥36 months) [26] . In opposite to these studies, there are confusing data about prognostic impact of UPR activation and GRP78 expression in AML [19, 21, 27] . Our results revealed that there was no significant differences in the GRP78 mRNA expression level between patients who achieved complete remission after induction therapy and no response patients. Moreover, GRP78 mRNA level had no significant effect on the relapsefree survival and overall survival.
In conclusions, our results indicate that GRP78 expression is increased in CD34 + leukemias and has no prognostic impact on clinical outcome in AML.
